Abstract. The constrained damping is often used to improve the vibration characteristics of the floor of commercial vehicles. In order to obtain a reasonable layout of the constrained damping of the floor, the topological optimization design of the constrained damping on floor was conducted using the ESO (evolutionary structural optimization) method. Targeting the maximization of the modal loss factor and the amount of material as constraint condition, the joint simulation analysis is carried out with MATLAB and NASTRAN. In order to analyze the influence of sensitivity filter radius parameters on topology optimization results, the finite element model of rectangular plate was established and different filter radius parameters were set up for simulation analysis. The results show that the modal loss factor of the structure increases first and then decreases with the number of iterations. When the sensitivity filtering radius is increased, the modal loss factor of the structure is also increased first and then decreased. A clear damping boundary and a structural modal loss factor can be obtained when the sensitivity filtering radius is greater than 10 times the element size. The results based on rectangular plate are applied to the cab floor, and the first and third orders are optimized. The first order modal loss factor increases 3.7% and the third order is improved by 9.2% when the material content is 50% of the total laying. The effect of optimization is obvious.
Introduction
The cab of commercial vehicle is a closed space composed of frame, plate and different interior trimming. Many excitations work together on the body, and then affect the acoustical characteristics of the vehicle [1] . The interior noise is mainly divided into airborne noise and structural propagation noise. Airborne noise is noise that is transmitted by outdoor noise through the cab leak. The structure propagation noise is the noise radiated from the vibration of the body panel to the cab. Restraining the vibration of body panels is an important means to improve the acoustic characteristics of the car [2] . Cab floor, as an important structural part of commercial vehicle, is subjected to various excitations. It is very important to study and suppress the vibration of cab floor to improve the acoustic characteristics of vehicle.
Structural topology optimization refers to finding the optimal distribution of materials in a given design area, which can effectively improve the efficiency of the use of materials. Topology optimization methods are commonly used in damping material layout design. Many scholars have studied the topology optimization of damping material layout. Lu Yining et al. [3] proposed an evaluation and optimization criterion method for complex systems with additional free damping, and used the proposed method to topology optimize the additional free damping thickness of the cab floor, which effectively enhanced the first-order modal loss factor of the floor. Li Wei et al. [4] established the acoustic-solid coupling analysis model of mini bus and analyzed the contribution of plates. The constrained damping layout of roof of mini bus was studied by using SIMP method, which effectively reduced the A weight sound pressure level of driver's right ear. In the above studies, the optimization method of changing the thickness or density of the material is employed, which is difficult to apply in practice. Xie et al. [5] proposed the ESO method, which achieves the optimal distribution of materials by continuously deleting inefficient elements from the structure. The key to the topology optimization using the ESO method is to find the appropriate evaluation criteria to evaluate whether an element is an inefficient element. Li Yinong et al [6] took the modal damping ratio as the objective function and deduced the sensitivity of the damping ratio of the modal damping elements. The constrained damping optimization of the beam structure was carried out by using the ESO method, and the amplitude-frequency characteristic of the beam structure was improved. Li Chao et al [7] used the ESO method to optimize the damping material layout of the cylindrical shell, and obtained the optimal material layout of free damping and constrained damping. Although the concept of ESO method is not very strict in mathematics, it is simple, efficient and practical in engineering.
In this paper, the ESO algorithm is used to study the topology optimization of constrained damping material layout of commercial vehicles floor by using MATLAB and NASTRAN software. Aiming at the maximum modal loss factor, the topology optimization of constrained damping layout of rectangular plates is carried out, and the influence of different sensitivity filter radii on the topology optimization results is studied. Then, based on the research results of rectangular plate, this method is applied to the topology optimization of constrained damping of commercial vehicle floor, which can improve the utilization efficiency of constrained damping material and improve the vibration suppression performance of the floor.
Basic Theory

Topology Optimization Theory
To maximize the modal loss factor, the material dosage is the constraint condition, and the constrained damping element
is used as the design variable to establish the topology optimization model of ESO method. The mathematical expressions are as follows:
where n is the number of elements; i x is the existence state of elements i, 0 indicates that the elements has been deleted, and 1 indicates that the elements exists in the model; i v is the volume of elements i; * V is the maximum amount of material; k η is the kth order modal loss factor.
Sensitivity Analysis
According to the modal strain energy method, the formula for calculating the kth order modal loss factor of the structure is as follows:
When the damping material element i and the corresponding constraining element are deleted, the variation of the kth order modal loss factor of the structure is as follows:
In the ESO method, when the number of deleted elements per iteration is small, the strain energy of the structure changes is small. So there are the following equations:
where vki E is the strain energy of damping element i in the kth mode;
' vki E is the strain energy of the constrained layer element corresponding to damping element i in the kth mode.
According to the formulas (3) ~ (5), we can get the following equation:
The sensitivity of the modal loss factor is then obtained:
If the multi-order is optimized at the same time, the sensitivity of the modal loss factor is as the following equation:
where k ω is the weight factor which satisfy
Numerical Instability Inhibitions
Due to the discreteness of the model, numerical instability such as checkerboard patterns and mesh-dependency often occurs in the topology optimization process based on ESO method, which makes the optimization result very impractical. To this end, a filtering scheme proposed by Sigmund [8] is transformed and used to control the checkerboard patterns and the mesh-dependency of the topology optimization design of the damping structure. The transformed expression is as follows: 
where ki α is the sensitivity of filtered element i; ki α is the sensitivity of the element i before filtering; ij u is the weighting factor of element j for element i; ( ) r i j is the distance between element i and element j; r is the filter radius.
Optimization Flow
In this paper, the program of ESO optimization algorithm is developed by MATLAB, and the topology optimization layout of constrained damping is realized by the joint simulation of NASTRAN software. The steps of topology optimization are described below:
(1) Establishing a structural finite element model with full-laying constrained damping, and setting a boundary constraint condition;
(2) Calculating the elements center. Setting volume constraints, sensitivity filter radius, and elements update principles; (3) Loop design: (a) Performing modal analysis on the finite element model of the damping structure; (b) Extracting strain energy data of each layers elements; (c) Calculating the sensitivity of each damping element according to equation (7) or (8) 
Optimization Analysis of Constrained Damping of Rectangular Plates
The base layer is a rectangular plate with four sides fully constrained, and the constraint damping is laid on the rectangular plate. The amount of damping material is 50% of the full coverage. The rectangular plate has a length of 500 mm, a width of 400 mm, and a thickness of 3 mm. The thickness of the damping layer of the constrained damping is 3 mm, and the thickness of the constraining layer is 0.3 mm. The material parameters are shown in Table 1 . The number of elements has a direct impact on the quality of optimization. The more the number of elements, the topology optimization results is closer to the real situation. However, as the number of elements increases, so does the need for computer resources. For comprehensive analysis, the elements size is selected to be 5 mm, where the base layer and constraint layer are quadrilateral elements, and the damping layer is hexahedron element. In order to study the influence of sensitivity filtering radius on the optimization results of the topology optimization with ESO method. The sensitivity filter radius is set to 5 different values: (a) r = 0 times element size, (b) r = 5 times element size, (c) r = 8 times element size, (d) r=10 times element size, (e) r=15 times element size, and then compares the first order mode constrained damping layout optimization results. Figure 1 shows the optimization results of the constrained damping of rectangular plates with different filter radii. Figure 2 shows the change of the modal loss factor of rectangular plates with the number of iterations. Table 2 shows the comparison results of structural modal loss factors before and after optimization. Due to the discreteness of the model and the highly nonlinear strain characteristics, when the sensitivity filtering is not set or the filter radius is small, the optimization result has a serious checkerboard patterns. As the filter radius increases, the checkerboard phenomenon is reduced. When the filter radius reaches 15 times the element size, the checkerboard phenomenon is well suppressed. The optimization result has a clear boundary.
Analysis of Figure 2 , the overall trend of the model's modal loss factor is first increased and then decreased. As the iterative optimization continues, some of the inefficient damping elements in the model are removed and the modal loss factor of the structure continues to increase. After that, some of the effective elements are deleted and the modal loss factor of the structure is reduced. At the same time, the filter radius also has an effect on the modal loss factor. When the filter radius is 8 times the element size, the modal loss factor of the optimization result is the largest and the constrained damping boundary continuity is bad.
Analysis of Table 2 , when the filter radius is 15 times the size of the elements, the modal loss factor is 5.9% higher than the full coverage under the restriction of the amount of damping material, and the optimization effect is obvious.
Optimization of Constrained Damping of Commercial Vehicle Floor
In this section, we apply the research results of rectangular plate to the commercial vehicle floor, and optimize the constrained damping layout of the floor topologically. Firstly, the finite element model of fully damped cab floor is established. The element size is 15mm, which is shown in Figure 3 . The perimeter of the floor is fully constrained, and the material parameters are shown in Table 1 . With the maximum of the first and third order modal loss factors as the topology optimization objective and the constrained damping material dosage of 50% of the total laying as the constraint condition, the constrained damping topology optimization of the floor is carried out. The sensitivity filter radius is set to 15 times of the mesh size, and the sensitivity weight factor of the first and third order is set to 0.5. The topology optimization results of constrained damping layouts are shown in Figure 4 . Table 3 shows the comparison of the first and third order modal loss factors before and after optimization. As can be seen from Figure 4 , the optimized constrained damping layout is mainly concentrated in the middle of the floor, and the boundary configuration of the constrained damping is clear. It can be seen from Table 3 that the optimized first order and third order modal loss factors are improved. When the amount of constrained damping is 50% of the full-laying constraint damping, the first order modal loss factor is increased by 3.7% compared with the full-laying modal loss factor, and the third order modal loss factor is increased by 9.2%. Under the condition of ensuring the vibration energy dissipation effect of the constrained damping on the floor, the amount of constrained damping is reduced, and the optimization purpose is achieved.
Summary
(1) In this paper, with the maximum of modal loss factor as the optimization objective and the amount of damping material as the constraint condition, the topology optimization of rectangular plates with constrained damping is studied by using ESO algorithm. The sensitivity filtering radius is set to 0 times, 5 times, 8 times, 10 times and 15 times of the elements size respectively. The influence of different filtering radius on the topology optimization results in the optimization process is analyzed. The results show that with the increase of the filter radius, the suppression effect of the checkerboard phenomenon is more obvious. At the same time, as the filter radius increases, the optimized structural modal loss factor first increases and then decreases.
(2) Applying the research results of the rectangular plate to the commercial vehicle floor, the topology optimization design of the constrained damping layout is carried out with the first and third order modal loss factors of the floor as the target. The optimized damping layout is mainly concentrated in the middle of the floor, and the boundary configuration of the damping layout is clear, which can meet the actual needs of the project. The optimized first-order modal loss factor of the structure is 3.7% higher than that before optimization, and the third order is improved by 9.2%. The optimization effect is obvious.
